The ion-temperature-gradient (ITG) mode instability in sheared slab geometry in the presence of a mesoscale magnetic island is investigated with a focus on the short-wavelength regime (k y ρ i > 1). We found that a static magnetic island causes radial and poloidal modes to couple and therefore plays a stabilizing role by allowing energy transfer from unstable modes to stable modes. However, for large island widths, the short-wavelength ITG mode becomes strongly destabilized and tends to dominate over the standard ITG mode (k y ρ i 0.5). A reduced model is proposed in this paper to understand this destabilization mechanism.
Introduction
The short-wavelength ion-temperature-gradient (sw-ITG) mode was discovered by Smolyakov et al. [1] in shearless slab geometry as a second destabilization of the ITG mode for large poloidal mode numbers k y ρ i > 1. Follow up investigation by Gao et al. confirmed that the sw-ITG mode exists in sheared slab geometry [2] , as well as in toroidal geometry [3] . Gao et al. also found that a large electron temperature gradient η e has a destabilizing effect on the sw-ITG mode, and that while a large magnetic shear s and plasma pressure β have a stabilizing effect, it still cannot completely suppress the sw-ITG mode. Recently, it was found that although the linear growth rate of the sw-ITG mode is comparable to the usual long-wavelength standard ITG (std-ITG) mode, its contribution to the heat flux in the non-linear regime is negligible [4] .
In this study, we are investigating the effect from the equilibrium magnetic field perturbation arising from a static magnetic island on an ITG drift wave in the linear phase. This setup was also studied by Wang et al. [5] , who found that islands of size w < 10ρ i have a stabilizing role arising from an induced poloidal mode coupling, which enables the dissipation of energy by stable modes. On the other hand, for larger magnetic islands widths (w > 10ρ i ), the destabilizing effect due to the appearance of additional rational surfaces dominates. However, it should be noted that these results were obtained using a gyrofluid simulation model that overestimates the damping and does not take the sw-ITG mode into account. It was therefore necessary to reconfirm these findings using a more sophisticated simulation model. that, although poloidal coupling can transfer energy to stable modes which is then dissipated away through Landau damping and finite Larmor radius (FLR) effects, the stabilization effect is reduced owing to the appearance of the sw-ITG mode. In addition, for large magnetic island widths, the sw-ITG mode is also more sensitive to the modification of the equilibrium magnetic geometry, and achieves a growth rate exceeding that of the std-ITG mode. The global mode which is formed because of the poloidal mode coupling is then dominated by the sw-ITG mode.
Basic Equations
We employ the gyrokinetic equations in a twodimensional sheared slab geometry using the local approximation, where a constant temperature throughout the domain is assumed but with a finite temperature length scale L T and a density gradient L n . The distribution function is split into a constant Maxwellian part f 0 = exp −v 2 − μ and the perturbed part f 1 (x, k y ; v , μ). Here, x is the radial direction, whereas the poloidal direction y is decomposed into Fourier harmonics k y . The variables v and μ are the parallel velocity and magnetic moment, respectively. The linearized Vlasov equation is written as
with Fig. 1 The magnetic flux eigenfunction ψ 1 and its derivative ∂ψ 1 /∂x of the tearing mode instability with m = 1 obtained from a numerical simulation using a Harris sheet profile.
tv th /L n → t, φeL n /v th → φ, μB/mv 2 th → μ, ρ th = v th /Ω i and Ω i = −eB/m i c. In standard sheared slab geometry without a magnetic island, the parallel wavenumber is expressed as k =ŝxk y , where x = 0 is equivalent to the position of the rational surface. The third term in Eq. (1) is the geometrical effect which arises from a static magnetic perturbation ψ 1 , where
in order to reproduce the Landau damping of stable modes. The Poisson equation is For the magnetic perturbation ψ 1 the magnetic flux eigenfunction of a single tearing mode is used, which is calculated using a reduced MHD model, (see e.g. Strauss [6] ). A Harris current sheet ψ eq = tanh(ŝx) is chosen as the initial equilibrium for the MHD simulation. For this setup, a tearing mode instability with poloidal mode number m = 1 is unstable with a magnetic flux eigenfunction ψ 1 , as shown in Fig. 1 . We note that the evolution of the magnetic island can be considered slow compared to the gyrokinetic drift wave timescale and thus the assumptions for keeping the temperature and density gradient are justified. Assuming that ψ 1 contributes only through the m = 1 component of the magnetic island structure, ψ 1 is given by
The Poisson bracket is directly calculated using the triad mode coupling condition 
The Poisson bracket term also includes contributions from the neighboring poloidal modes, and thus poloidal modes are coupled once w > 0. For the negative k y modes, the corresponding complex conjugate value of the positive mode is used.
The Short-Wavelength ITG Mode
The dispersion relation of the ITG instability with ψ 1 = 0 is calculated as a non-linear integral eigenvalue equation. A detailed overview of the solution procedure is given by Idomura [7] . Thus we will only present the results here. We useŝ = 0.2, η i = 5 to calculate the dispersion relation as shown in Fig. 2 . We find multiple eigenmodes in the system with most of them being stable. For the std-ITG region with k y < 1, we can identify two unstable modes with similar growth rates, whereas for k y > 1, both these modes are stable. However, for k y > 1.5, a further ITG mode becomes unstable with a narrow radial eigenstructure. We refer to this mode as the sw-ITG mode. The peak growth rate of the sw-ITG mode is reached around k y = 2.5 with approximately half the growth rate of the std-ITG mode. We note that the sw-ITG mode also exists for kinetic electrons, although a finite electron temperature gradient is required in order to destabilize the mode. an initial value problem using the gkc++ code [8] and the parametersŝ = 0.2 and η i = 5. Once a finite magnetic island width is included (w > 0), a global mode is established through poloidal mode coupling, where all poloidal modes have equivalent growth rates (and real frequencies), as shown in Fig. 3 . Coupling enables unstable modes to transfer energy to stable modes, where it is then dissipated away through finite Larmor radius effects and/or Landau damping [5] . This is observed as the reduction of the growth rate of the global mode. As a larger island size enhances the coupling between the modes, this stabilization mechanism increases for larger island sizes until a width of w ≈ 15, as shown in Fig. 4 . However, the stabilization mechanism is weak compared to that reported by Wang et al. [5] . This can be attributed to the appearance of the sw-ITG mode, which reduces the energy dissipation by providing a free-energy source, as can be seen by the contribution to the energy spectra in Fig. 6 . Here, for small magnetic islands w < 15, the ITG global mode structure is broadened, and mainly determined by the most unstable mode, see Figs. 5 (a)-(c). For large island widths (w > 15), a strong destabilization of the global mode is observed, together with a change in the global mode structure, which changes to a very localized and narrow structure as is shown in Fig. 5 (d) . The origin of this destabilization can be attributed to the sw-ITG mode, which then drives the global mode as can be seen in the energy spectra in Fig. 6 . In addition, by artificially damping the sw-ITG mode in the simulations, we could confirm that the std-ITG mode is also destabilized, however for much larger magnetic island widths (i.e. w ≈ 20). The physical mechanism of this destabilization is elucidated using a reduced model in the next section.
ITG Instability with a Static Magnetic Island Structure

Reduced Model
In order to understand the destabilization of the sw-ITG mode observed in Fig. 4 and Fig. 6 , a reduced model is proposed in order to help analyze the response of the ITG mode to the static magnetic island. For simplicity, we fix the poloidal direction at y = 0 and y = L y /2, which corresponds to the X-point and O-point of the island, respectively. This excludes the poloidal mode coupling from the island which arises from the islands poloidal structure in Eq.(4). The islands magnetic flux ψ is now related only to the Landau damping and parallel advection term, as k = k y ŝx ±ψ x ≡ k y B y . The modified magnetic field B 1y with contributions from the magnetic island and the equilibrium at the X-and O-point is shown in Fig. 7 . At the X-point, the island structure increases the local shear close to the rational surface. However, at the O-point, the island leads to a separation of the rational surfaces, the distance of which increases with the size of the island. For the perturbed magnetic field at the X-and O-point, we evolve only a single poloidal mode, with a wavenumber which corresponds to the peak growth rate of the std-ITG mode at k y ≈ 0.5 and of the sw-ITG mode at k y ≈ 2.5. The growth rate's dependence on the island width is shown in Fig. 8 . For the X-point equilibrium, the std-ITG mode is slightly destabilized, which agrees well with the general behavior of destabilization for weak magnetic shear and the stabilization for stronger shearing rates. The sw-ITG mode however is very sensitive to the increase in magnetic shear and quickly stabilizes. For the O-point equilibrium, the std-ITG mode is stabilized for small island widths on account of the reduction of local shear, however it is destabilized again for large island widths because of the separation of rational surfaces. As the island width increases and crosses a critical value, the std-ITG mode and also the sw-ITG mode are first destabilized, and then stabilized again, as shown in Fig. 8 . However, the critical island width for the sw-ITG mode is smaller than that of the std-ITG. We can understand this underlying mechanism through the response of the ITG eigenmode structures to the island size. As shown in Fig. 7 , for large islands, the rational surface is separated into two, so that a so-called double ITG mode with an increased growth rate is excited [9] . The corresponding eigenfunctions of the std-ITG and sw-ITG modes are shown in Fig. 9 . As the island width increases further, the double ITG modes are destabilized first with the increase in the rational surface separation. Finally, when the separation is large enough, the double ITG mode structure also separates, so that the mode structures reduce back to the eigenstructure with a single rational surface, as shown in Fig. 9 , which is why the growth rate decreases. As for the difference of the critical island widths for the destabilization of the std-ITG and sw-ITG modes, this phenomenon may result from the narrow mode width of the sw-ITG mode, which matches the small separation of the rational surface. Hence, the critical island widths for the destabilization and even stabilization of the sw-ITG mode are reasonably smaller than those for the std-ITG mode as shown in Fig. 8 .
Conclusion
We have studied the effect of equilibrium field perturbation arising from a static magnetic island. We have found that a small magnetic island has a stabilizing effect on the ITG mode, because it enables unstable poloidal modes to couple to stable modes and dissipate energy. However, for large islands the separation of the rational surfaces caused by the island destabilizes the ITG mode. In this case, the destabilization of the sw-ITG mode is dominant on account of its smaller radial mode structure, and is therefore more sensitive to rational surface separation compared to the std-ITG mode.
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